Understanding the mechanisms of cross-species virus transmission is critical to anticipating emerging infectious diseases. Canine parvovirus type 2 (CPV-2) emerged as a variant of a feline parvovirus when it acquired mutations that allowed binding to the canine transferrin receptor type 1 (TfR). However, CPV-2 was soon replaced by a variant virus (CPV-2a) that differed in antigenicity and receptor binding. Here we show that the emergence of CPV involved an additional host range variant virus that has circulated undetected in raccoons for at least 24 years, with transfers to and from dogs. Raccoon virus capsids showed little binding to the canine TfR, showed little infection of canine cells, and had altered antigenic structures. Remarkably, in capsid protein (VP2) phylogenies, most raccoon viruses fell as evolutionary intermediates between the CPV-2 and CPV-2a strains, suggesting that passage through raccoons assisted in the evolution of CPV-2a. This highlights the potential role of alternative hosts in viral emergence.
T he emergence of novel infectious diseases is often associated with pathogens jumping to new host species. However, the genetic and evolutionary mechanisms that determine how viruses cross species boundaries and adapt to new hosts are only partially understood (25) . Well-documented examples of virus emergence in which both the donor and recipient species are known are rare but can reveal key aspects of this important evolutionary process.
Canine parvovirus (CPV) first emerged in the mid-1970s and then spread worldwide in 1978, causing a major disease pandemic in dogs (8) . Feline panleukopenia virus (FPV) has long been known to infect many species within the order Carnivora, including large and small cats, mink, raccoons, and foxes (29, 33) . CPV is clearly a variant of FPV that acquired the ability to infect canines through a small number of mutations in the capsid protein (VP2) gene that changed surface-exposed residues (1, 3, 19) . These viruses use the transferrin receptor type 1 (TfR) as their primary receptor for attaching to and infecting cells. Canine cells resist infection by FPV because that virus cannot bind to the canine TfR, in particular because of a unique glycosylation site present in the canine TfR (3, 10, 16, 18) . The first strain of CPV (named CPV type 2 [CPV-2]) was replaced globally during 1979 and 1980 by a genetic and antigenic variant named CPV type 2a (CPV-2a), which is the common ancestor of all the CPVs currently circulating in dogs worldwide (9, 24) . The CPV-2a variant contained a number of important genetic changes, including replacements of four VP2 residues that alter capsid binding to the feline TfR and to antibodies and that likely increased the fitness of the virus in dogs and gave it the ability to infect cats (7, 16, 27, 30, 34) . The CPV-2a strain has undergone additional evolution in dogs since 1979, generating genetic and antigenic variants known as CPV-2b and CPV-2c (9) .
Here we further define the evolutionary basis of viral host range variation by refining our understanding of this classic example of a host-jumping virus-the emergence of CPV-2 and its variants in dogs-through the exploration of its evolution in alternative mammalian hosts.
MATERIALS AND METHODS
Cells and cell cultures. CHO-derived TRVb cells, which lack an endogenous TfR (13), were grown in Ham's F-12 medium containing 10% fetal bovine serum. Crandell Rees feline kidney (CRFK) cells, Norden Laboratory feline kidney (NFLK) cells, and canine Cf2Th and A72 cells were grown in a 1:1 mixture of McCoy's 5A medium and Leibovitz L-15 medium with 5% fetal bovine serum.
Viruses. The new viruses examined here are listed in Table 1 and are  highlighted in Tables S1 and S2 in the supplemental material. For virus isolation, homogenized tissue or fecal samples were filtered and were used to infect CRFK or NLFK cells. Viral DNA was PCR amplified either directly from tissue extracts or after a single passage in cell culture. Amplification was performed using Phusion Hot Start high-fidelity DNA polymerase (Finnzymes, Espoo, Finland). Amplicons were sequenced either directly or after cloning using a PCR cloning kit (Qiagen, Valencia, CA) and covered the complete VP2 protein sequence or, in some cases, the entire nonstructural and structural coding regions. Control viruses were derived from infectious plasmid clones of FPV (FPV-b), CPV-2 (CPVd), and CPV-2b (CPV-39) (10, 20) and were purified as described previously (1) . Viral inocula were prepared by passing viruses in NLFK cells, homogenizing the supernatant and cell fractions using a freezethaw cycle, and clarifying the inoculum through a Steriflip filter (Millipore, Billerica, MA).
Evolutionary analysis.
A total of 433 VP2 sequences of different carnivore parvoviruses, 1 of which (GenBank accession number M24005) was sampled from a raccoon in 1978, were compiled from GenBank. These sequences were combined with 27 new sequences and with those determined here from other carnivore species, resulting in a final data set of 460 sequences of 1,755 bp (see Table S1 in the supplemental material). All VP2 sequences included in this analysis covered at least two-thirds of the VP2 gene (although similar phylogenetic results were obtained using 125 full-length VP2 sequences [data not shown]). An equivalent phylogenetic study was undertaken using 39 NS1 sequences collected from GenBank combined with 9 raccoon sequences determined here. This produced a total data set of 48 sequences of 2,007 bp (see Table S2 in the supplemental material). All sequence alignments were created using MUSCLE, version 3.7 (5).
Phylogenetic trees were inferred using the maximum-likelihood (ML) method implemented in PAUP*, version 4.0 (32), utilizing the general time-reversible model of nucleotide substitution incorporating invariant sites and a gamma distribution of among-site rate variation with four rate categories (model GTRϩIϩ⌫ 4 ); this was the best-fit nucleotide substitution model determined by Modeltest, version 3.7 (28) . Tree bisectionreconnection (TBR) branch swapping was employed in all cases. To assess the robustness of the phylogenetic groupings observed, a bootstrap resampling analysis was performed using 1,000 replicate neighbor-joining trees estimated under the ML substitution model described above, again utilizing PAUP*, version 4.0.
To assess the strength of temporal structure (i.e., clock-like behavior) in these sequence data, we performed a regression of root-to-tip genetic distances against the date (year) of sampling of each sequence by using the Path-O-Gen program (http://tree.bio.ed.ac.uk/software/pathogen/). This analysis was performed using the 48 NS1 and VP2 sequences that were available from the same viruses. Input genetic distances were obtained from the ML trees described above.
The time to the most recent common ancestor (TMRCA) of the raccoon sequences was estimated using the Bayesian Markov chain Monte Carlo (MCMC) method available in the BEAST package (4) . This analysis incorporated the model of nucleotide substitution described above, in this case partitioned by codon positions, as well as a relaxed (uncorrelated lognormal) molecular clock and the conservative Bayesian skyline coalescent prior. Statistical support was depicted as values of the 95% highest probability density (HPD), and the MCMC analysis was run until convergence was achieved in all parameters. The BEAST analysis also allowed us to infer the maximum clade credibility (MCC) tree for these data, such that TMRCA values (i.e., divergence times) could be estimated for specific nodes. The MCC tree was topologically very similar to the tree produced in the ML analysis.
Finally, to determine whether recombination had occurred between the VP2 and NS1 genes, we employed the BOOTSCAN, GENECOV, and RDP methods available in the RDP3 package (12) using the default settings.
rTfR. The raccoon transferrin receptor (rTfR) was independently sequenced from a raccoon cell line (Pl 1Ut cells; ATCC, Manassas, VA) and also from heart tissue from a wild raccoon. For subsequent experiments involving binding to the rTfR (see below), mRNA from the wild raccoon was extracted using an RNeasy kit (Qiagen), amplified using the SuperScript III one-step reverse transcription-PCR (RT-PCR) system (Invitrogen, Carlsbad, CA), cloned into the pcDNA3.1(Ϫ) plasmid (Invitrogen), and sequenced as described previously (18) (GenBank accession number JN600499).
Antigenic analysis. Twenty-eight mouse or rat monoclonal antibodies (MAbs) against CPV-2, FPV, or CPV-2b have been described previously (21, 23, 27) . For hemagglutination inhibition (HI) assays, antibodies were tested using standard methods, and titers were compared to the titer of the virus against which the MAb was raised (30) .
Cell infection and binding assays. Infection of NLFK, A72, or Cf2Th cells was assessed using standard methods for 50% tissue culture infective dose (TCID 50 ) assays (34) . Cell binding was analyzed using purified virus capsids at 10 g/ml incubated in a solution for 60 min at 37°C with NLFK or Cf2Th cells, or with TRVb cells transfected with a plasmid expressing the feline, canine, or raccoon TfR (6) . Virus capsids were detected with MAb 2 and an Alexa 488-conjugated goat anti-mouse antibody (Sigma, St. Louis, MO), and binding was quantified using a Guava EasyCyte Plus flow cytometer (Millipore).
Nucleotide sequence accession numbers. All the virus sequences obtained in this study have been deposited in GenBank under accession numbers JN867593 to JN867618.
RESULTS
Raccoons (Procyon lotor) are native to North America but have become established in parts of Europe and Asia since the early 20th century (35) . We sampled parvoviruses collected from raccoons that showed clinical disease during outbreaks in the United States between 2007 and 2010 (Table 1) , and we compared these viruses to raccoon isolates collected between 1978 and 1990, as well as to the many FPV and CPV sequences from cats, dogs, and related hosts in GenBank (see Table S1 in the supplemental mate- rial). The infected raccoons exhibited disease symptoms characteristic of parvoviral enteritis, including lethargy, fever, diarrhea, and vomiting. Parvovirus infection was demonstrated by histopathology and immunohistochemistry of the intestine and lymphoid tissues (not shown). Phylogenetic analysis of VP2 sequences showed that the raccoon virus isolates fell into several unrelated clusters across the phylogeny, indicating that there have been multiple cross-species transmission events involving raccoons (Fig. 1) . Remarkably, 12 of the 17 raccoon virus sequences and the sequence of a virus isolated from a wild bobcat (Lynx rufus) fell at intermediate positions between the CPV-2 and CPV-2a sequences (Fig. 1) . Due to the recovery of only a single intermediate virus from a bobcat, the significance of this species either as a long-term host for maintaining these viruses or simply as an incidental host due to raccoon predation is currently unknown. The raccoon VP2 sequences appear to be evolutionary intermediates in that they did not form a separate monophyletic group but instead occupied interleaved positions between the CPV-2 and CPV-2a sequences Contrasting evolutionary patterns in the capsid and nonstructural genes. More-complex, and strikingly different, evolutionary patterns were observed in a phylogenetic analysis of 48 NS1 (nonstructural) gene sequences (Fig. 2) . In this analysis, the raccoon viruses fell at three distinct phylogenetic positions, indicating multiple cross-species transmission events from canine viruses and giving no evidence that raccoons are intermediate hosts (Fig. 2) . We used a Shimodaira-Hasegawa (SH) test to determine whether the NS1 and VP2 genes (the latter subsampled such that the same 48 viruses were used) gave different representations of the evolutionary history of carnivore parvoviruses. This confirmed that the NS1 and VP2 phylogenies were significantly different (P Ͻ 0.001) such that they have strongly contrasting evolutionary histories (which also means that they cannot be meaningfully combined into a complete genome phylogeny). Importantly, these dramatically contrasting phylogenetic patterns could not be explained by recombination, since we found no evidence for this process in our data (P Ͼ 0.1). Hence, the incongruent NS1 and VP2 trees are most likely the result of very different selection pressures acting on these genes.
There are good reasons to believe that the VP2 tree is the more accurate representation of evolutionary history. First, if the NS1 tree is correct, then both CPV-2 and CPV-2a, as well as the raccoon viruses, have evolved multiple times in parallel and do not form monophyletic groups, signifying a substantial amount of convergent evolution. Second, according to the NS1 tree, parvoviruses jumped from cats to dogs initially as the CPV-2a genotype and then evolved to CPV-2. Not only is this counterintuitive with respect to the known history of mutations in these viruses, but it runs counter to the time scale of parvovirus evolution. In particular, it is well documented that CPV-2 appeared in dogs and spread worldwide during 1978 and 1979, before CPV-2a emerged, as shown in the VP2 tree, and indeed CPV-2 isolates have earlier sampling times (1977 to 1980) than CPV-2a strains (late 1979 onward). Moreover, the correlation coefficients of root-to-tip genetic distance against sampling year were significant for the VP2 (r ϭ 0.70; P Ͻ 1 ϫ 10 Ϫ5 ) but not the NS1 (r ϭ 0.55; P ϭ 0.171) data set. Because a strong temporal structure is present only in the VP2 phylogeny, we suggest that this is the correct representation of evolutionary history, although the sequencing of additional NS1 gene sequences will help resolve this issue.
Differences in capsid protein residues. After it emerged in 1979, the CPV-2a lineage replaced the CPV-2 strain worldwide within 2 years, indicating increased fitness in dogs. Importantly, the CPV-derived raccoon viruses also accumulated changes in several of the capsid codons that later helped define the CPV-2a lineage (VP2 residues 87, 101, 297, 300, and 305) ( Fig. 1 and 3) . Residue 300 appears to be a particularly important component of the host adaptive process. This residue is an Ala in FPV, CPV-2, and FPV-like raccoon viruses but is a Gly in all CPV-2a-derived viruses from dogs. However, 300Asp was seen in all raccoon isolates derived from CPV, irrespective of their positions on the phylogeny ( Fig. 1 and 3) , and hence must have arisen more than once in the raccoon viruses derived from CPV. The importance of the 300Asp change for CPV-derived viruses in hosts other than dogs is confirmed by the finding of this mutation in some viruses from leopard cats in Southeast Asia and in a CPV-2 isolate that had been passaged in cultured feline cells (11, 14, 22) . The variants at residues 297 and 305 also have complex evolutionary patterns. Residue 297 was a Ser in CPV-2 and some older CPV-2a and CPV-2b sequences but was mutated to Ala in many of the raccoon viruses, reverted to Ser in some early canine isolates of the CPV-2a variant, and became fixed in dog viruses as an Ala throughout most of the world in the early 1990s (2, 9, 15) . Residue 305 was an Asp in FPV and CPV-2, mutated to His in some of the raccoon viruses, and became a Tyr when the virus transferred to dogs during the emergence of CPV-2a.
Raccoon virus properties and host-specific receptor analysis. We confirmed that these mutations altered host range, TfR binding, and antigenic structure in the raccoon viruses. Tissue culture infectivity for dog cells reflects the canine host range of these viruses (34) , and while the raccoon viruses tested infected feline cells similarly to the FPV, CPV-2, and CPV-2a prototypes, they did not infect canine cells (Fig. 4) . Since a CPV-2 mutant with only the 300Asp change exhibited only 10-fold-lower infectivity for canine cells than for feline cells (Fig. 4) , combinations of other residues in the raccoon viruses likely acted along with 300Asp to limit canine cell infection (Fig. 3 and 4) .
The TfR is a key determinant of feline and canine cell susceptibility, and host-specific virus binding to TfR is controlled by capsid surface residues (10, 16) . We therefore cloned the cDNA from a raccoon tissue sample and found that it exhibited 88% and 89% amino acid identity to the dog and cat TfRs, respectively, and that it lacked the glycosylation site that blocks the binding of FPV capsids to the canine TfR (16, 17) (see Fig. S1 in the supplemental material). When the raccoon, feline, and canine TfRs were expressed on hamster cells under identical conditions, the raccoon virus capsids bound the raccoon and feline TfRs to similar levels but did not bind to the canine TfR (Fig. 5) .
The CPV-derived raccoon viruses were also antigenically distinct when tested with a large panel of MAbs prepared against FPV, CPV-2, or CPV-2b capsids (Fig. 6 ). All CPV-like raccoon virus isolates lost reactivity with several antibodies that recognized antigenic site "B," primarily due to the 300Asp mutation. The CPV/Raccoon/VA/118-A/07 isolate, which also contained the 224Arg mutation in the "A" site, lost reactivity with 26 of 28 MAbs tested (7, 30) .
DISCUSSION
The most striking observation of our study was that a group of raccoon parvoviruses constituted a previously unidentified host range variant of CPV that has been circulating for at least 24 years and causing an epidemic of disease. In addition, the VP2 phylogeny revealed that most of these raccoon-associated viruses were evolutionary intermediates between CPV-2 and CPV-2a strains. Although virus surveillance has been conducted extensively in the domestic dog and cat populations since the emergence of CPV-2 in 1978, viruses intermediate between CPV-2 and CPV-2a have not been identified previously. In dogs, the CPV-2a strain rapidly replaced CPV-2 worldwide; this, coupled with the intermediate phylogenetic position occupied by most of the raccoon viruses, suggests that raccoons played a key role in the emergence of this fitter variant in dogs. The selective advantage of CPV-2a over CPV-2 may have involved both better adaptation to the canine host and partial evasion of the anti-CPV-2 antibodies that were widespread in the dog population by 1979 and early 1980 (24) .
An unusual aspect of this adaptive process was that the evolutionary intermediates of CPV in raccoons could not themselves bind to the canine TfR or infect canine cells (Fig. 4 and 5) . This system therefore illustrates the complexities of the evolutionary pathways and fitness landscapes that may occur during adaptation to new host species. While several raccoon-associated mutations (VP2 residues 87 and 101) were also found in the canine-adapted virus CPV-2a, the 300Asp mutation likely prevented binding of the capsids to the canine TfR in the background of the raccoon virus isolates (Fig. 5) . The transfer of the raccoon virus back to dogs clearly required the crossing of a relatively low evolutionary barrier and involved transition mutations that converted VP2 codon 300 from Asp to Gly and VP2 codon 305 from His/Asp to Tyr and that resulted in the CPV-2a genotype, which infected and spread efficiently within dogs. However, it is possible that other carnivore hosts in addition to raccoons have played a role in the emergence of CPV-2a in dogs, such that more-comprehensive sampling of additional carnivore species would likely aid in determining those which are important in the evolution of these viruses.
Despite the clear phylogenetic links between the raccoon and canine viruses, the NS1 and VP2 phylogenies have strikingly different topologies, suggesting that NS1 and VP2 have been subject to very different selection pressures (especially given the apparent absence of recombination). Because our collection of canine isolates goes back to 1978, we can directly validate the inferred phylogenetic history through comparison with the known sampling dates of the viruses. In this case, the phylogenetic patterns seen for the VP2 gene fit well with the known history of the canine viruses. The raccoon virus sampling is less well distributed in time, but it is reasonable to expect that the VP2 gene analysis can similarly be used to more accurately infer the evolutionary history of these viruses. Future studies will be directed toward determining the selection pressures acting on NS1 and VP2 and how these might have shaped phylogenetic history.
At a more fundamental level, our study shows that the selection of small numbers of key host-adaptive mutations is readily accomplished in these single-stranded DNA viruses and can occur on multiple occasions; in this case, the transfers between a cat-like host, dogs, and raccoons were each associated with groups of such mutations. As a consequence, successful emergence is not always dependent on mutational availability (31) . Similar observations have been made with respect to the adaptation of influenza viruses among mammalian species (25, 26) and further demonstrate that the strength of host phylogenetic relationships can act as a predictor of successful viral emergence (31) .
Finally, and perhaps of most importance, this study highlights the potential role of alternative hosts (in this case raccoons) in providing indirect viral emergence pathways, even in cases where a fitter viral variant, such as the CPV-2a strain, appears to arise within the same host species as the original strain (CPV-2). While alternative and intermediate hosts are often proposed to provide a bridge for the transfer of viruses between widely separated host species, their role in facilitating increased adaptation to a single host has not been described previously. We therefore suggest that future attempts to survey virus biodiversity and to create theoretical models for predicting and forestalling viral emergence should pay close attention to the possible roles played by related hosts in providing favorable adaptive pathways.
